Purpose The purpose of this study is to assess the role of adjuvant therapy in stage I-III gallbladder cancer (GBC) patients who have undergone R0 resection.
Introduction
Gallbladder cancer (GBC) is an uncommon disease in Western countries [1] . However, the incidence of GBC is relatively high in Korea, where it accounts for 6.3 per 100,000 individuals and is the sixth leading cause of cancer-related death [2] . The prognosis of GBC is poor, with a 5-year overall survival (OS) rate of 17% to 45%, even in patients treated with curative intent surgery [3] [4] [5] . Advanced stage, highgrade histological differentiation, and a positive resection margin are known to be poor prognostic factors in GBC patients who have undergone surgical resection [3, 6] .
Given the high relapse rate and poor prognosis, adjuvant therapy would appear to be a rational therapeutic strategy in GBC patients following surgical resection. Nevertheless, there is controversy surrounding the role of adjuvant therapy in GBC. Current National Comprehensive Cancer Network guidelines include consideration of fluoropyrimidine chemoradiotherapy, fluoropyrimidine or gemcitabine chemotherapy, and observation as postoperative options, with no preference given to any particular option [7] . In addition, unlike cholangiocarcinoma, due to the limited clinical data available, the guidelines for GBC do not provide information on treatment strategy according to known prognostic factors, such as resection margin status [7] .
Previous studies have suggested that adjuvant therapy may benefit select GBC patients. Several retrospective studies reported that patients with node-positive disease had a survival benefit from adjuvant chemoradiotherapy or radiotherapy [5, 8, 9] . A recent study showed that gemcitabine-based adjuvant chemotherapy improved the survival of GBC patients after R1 or R2 resections [10] . Prospective trials for adjuvant therapy in GBC are extremely rare. Takada et al. [11] reported that GBC patients who have undergone noncurative resections may derive a slight benefit from systemic chemotherapy, but this was not observed in patients who underwent curative surgery in a subgroup analysis of the study, which combined patients with pancreatic, bile duct, and gallbladder cancers.
However, the question of whether patients who have undergone R0 resection benefit from adjuvant therapy is controversial. A few studies reported that, compared with surgery alone, adjuvant chemoradiotherapy resulted in improved survival in GBC patients following R0 resection [4, 8] . In contrast, other studies did not show any survival benefit of adjuvant therapy in GBC patients who underwent R0 resection [3, 11, 12] . Importantly, many previous studies included a small number of patients; heterogeneous populations with respect to tumor location, TNM stage, nodal status, and resection margin; or unbalanced comparative groups. These limitations make it difficult for physicians to identify patients who will truly benefit from adjuvant therapy. A meta-analysis of 20 studies involving 6,712 patients reported that GBC patients who had undergone R1 resection, but not R0 resection, benefited from adjuvant therapy [13] . Another recent meta-analysis also reported similar results showing that GBC patients who underwent R0 resection did not benefit from adjuvant therapy compared with surgery alone [14] . However, due to the potential selection bias caused by unbalanced clinical characteristics, which is an inherent drawback of a retrospective study, these two metaanalyses cannot confirm the ineffectiveness of adjuvant therapy in GBC patients who have undergone R0 resection.
Therefore, we attempted to determine whether adjuvant therapy is necessary for non-metastatic GBC patients who have undergone R0 resection through a multicenter, casecontrol study with propensity score matching (PSM) to reduce the selection bias.
Materials and Methods

Study population
Information on patients who consecutively underwent curative R0 resection for GBC from March 1999 to February 2014 at 6 tertiary medical centers was collected retrospectively. Of the 441 patients who were initially screened, those in the following categories were excluded ( Fig. 1): (1) stage IV disease; (2) unknown histological subtype; (3) minor histological subtype such as adenosquamous, mucinous, mucosal, or neuroendocrine carcinoma; (4) follow-up duration less than 3 months; (5) relapse within 1 month of surgical resection; (6) adjuvant therapy with radiotherapy alone; or (7) unknown preoperative serum carbohydrate antigen level. Ultimately, a total of 363 patients were enrolled in the study. This study was approved by the institutional review board of each participating center.
Treatment
Curative R0 resection was performed in all patients and confirmed by the operation record and the pathology report. Then, postoperative management was planned according to each center's protocol. In patients treated with adjuvant chemotherapy alone, fluoropyrimidine-based chemotherapy, including 5-fluorouracil/leucovorin, doxifluridine, tegafur/uracil, or S-1, was performed. Adjuvant concurrent chemoradiotherapy (CCRT) was also performed using fluoropyrimidine-based agents including 5-fluorouracil and capecitabine. Adjuvant chemotherapy and CCRT were initi-ated within 6 to 8 weeks of surgical resection. Patients managed with surveillance only received follow-up care after surgical resection without adjuvant chemotherapy or CCRT. Regular monitoring was performed in all patients via comprehensive physical examinations, serum tumor markers, and computed tomography for detection of relapse according to each center's protocol.
Data collection
Clinical data, including demographics, histological type, TNM stage based on the seventh edition of the American Joint Committee on Cancer, preoperative serum level of CA 19-9, treatment modality, and clinical outcomes (e.g., relapse and survival), were collected by medical chart review. The cut-off level of preoperative serum CA 19-9 was defined as 37 U/mL (the upper limit of the normal range). Relapse-free survival (RFS) was defined as the time from the date of surgery to the date of either the first relapse at any site or death. OS was defined as the time from the date of surgery to the date of death.
Propensity score matching
We hypothesized that patients with advanced disease may be more likely to be treated with adjuvant therapy at the discretion of the clinician. We therefore performed PSM to reduce the selection bias between patients treated with adjuvant therapy and those managed with surveillance only using the MatchIt package in R statistical software ver. 3.1.3 (The R Foundation for Statistical Computing, Vienna, Austria). The propensity score was calculated from a logistic regression model that included age (years), sex, histological type, TNM stage, and preoperative serum CA 19-9 level (normal or elevated). With the propensity score estimated, 84 pairs of patients in the adjuvant therapy group and the surveillance-only group were matched using a 1:1 nearest neighbor matching algorithm. The standardized mean difference (SMD) in each covariate was calculated to determine whether the PSM was adequately conducted. An SMD less than 0.1 was considered a negligible difference in the mean or prevalence of a covariate between two treatment groups [15] .
Statistical analysis
Statistical comparisons were made using the chi-square test or Fisher exact test for categorical variables. RFS and OS were estimated using the Kaplan-Meier method, and comparisons between groups were performed using the log-rank test. Multivariate Cox regression analysis using the Enter selection method was performed to identify independent predictors of mortality. All variables with a p-value less than 0.1 in the univariate analysis were entered into the multivariate analysis. The results were reported as hazard ratios (HRs) and 95% confidence intervals (CIs). A two-tailed p-value less than 0.05 was considered statistically significant. SPSS ver. 21.0 (IBM Co., Armonk, NY) was used for statistical analyses.
Results
Patient characteristics
Of the 363 patients included in the study, 84 patients were treated with adjuvant therapy (chemotherapy, n=39; CCRT, n=45) and 279 were managed with surveillance only after surgical resection. The baseline characteristics before and after PSM are shown in Table 1 . In the unmatched cohort, the distributions of age, sex, and histological type were not significantly different between the two groups. However, the proportions of patients with stage III disease (51.2% vs. 14.7%, p < 0.001), node-positive disease (46.4% vs. 12.2%, p < 0.001), and elevated CA 19-9 levels (29.8% vs. 18.6%, p=0.029) were higher in the adjuvant therapy group than in the surveillance-only group. The SMDs in the TNM stage and nodal status were more than 0.1. After PSM, the SMDs were reduced in all variables except age, and none of the variables showed an SMD of more than 0.1. There were no significant differences in the baseline characteristics between the two treatment groups in the matched cohort (Table 1) .
Survival analysis in the unmatched cohort
In the unmatched cohort, the median follow-up durations were 60.4 and 53.4 months in all patients and in surviving patients at the time of analysis, respectively (range, 5.3 to 177.6 months in both groups). Thirty-seven (44.0%) and 143 (51.3%) patients were followed up for less than 5 years in the adjuvant therapy and surveillance only groups, respectively. (Fig. 2A) . OS also tended to be worse in the adjuvant therapy group than in the surveillanceonly group (3-and 5-year OS rates, adjuvant therapy 79.9% and 66.2% vs. surveillance only 85.5% and 79.5%; p=0.089) (Fig. 2B) .
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Survival analysis in the matched cohort
Further analyses were performed in the matched cohort. The median follow-up durations were 62.1 and 53.4 months in all patients and in surviving patients at the time of analysis, respectively (range, 4.9 to 177.1 months in both groups). Thirty-seven (44.0%) and 44 (52.4%) patients were followed up for less than 5 years in the adjuvant therapy and surveillance only groups, respectively. Follow-up was lost in 17 patients (20.2%) in the adjuvant therapy group and 15 patients (17.9%) in the surveillance only group. Among a total of 168 patients, 55 patients relapsed and 42 patients died. In this cohort, RFS was not significantly different between the two treatment groups (3-and 5-year RFS rates, adjuvant therapy 58.0% and 50.8% vs. surveillance only 67.1% and 64.8%; p=0.319) (Fig. 2C) . There was also no significant difference in OS between the two treatment groups (3-and 5-year OS rates, adjuvant therapy 79.9% and 66.2% vs. surveillance only 74.8% and 70.4%; p=0.703) (Fig. 2D) . None of the variables, including age, sex, histological type, TNM stage, nodal status, and preoperative serum CA 19-9 level, were associated with the efficacy of adjuvant therapy (Fig. 3) . Although there was a tendency in favor of adjuvant therapy in elderly patients, this result was biased by a higher proportion of stage III disease in the surveillance-only group compared with the adjuvant therapy group (54.0% vs. 36.8%, p=0.110) among elderly patients.
In the matched cohort, advanced TNM stage, higher pre- operative serum CA 19-9 level, and histological type other than well-differentiated grade disease were potential poor prognostic factors for OS in the univariate analysis. In the multivariate analysis, advanced TNM stage was the only poor prognostic factor for OS. Adjuvant therapy did not affect the prognosis of this cohort in the multivariate analysis (Table 2 ).
Survival according to treatment modality in the adjuvant therapy group
Next, we evaluated the prognosis according to treatment modality among 84 patients treated with adjuvant therapy. Patients treated with chemotherapy had better RFS than those treated with CCRT (3-and 5-year RFS rates, chemotherapy 70.3% and 57.0% vs. CCRT 47.3% and 47.3%; p=0.027) (Fig. 4A) . However, OS was not significantly different between patients treated with chemotherapy and those treated with CCRT (3-and 5-year OS rates, chemotherapy 87.7% and 71.0% vs. CCRT 72.4% and 62.0%; p=0.203) (Fig. 4B) . In addition, patients treated with CCRT were more likely to have poor prognostic characteristics compared to those treated with chemotherapy, as follows: histological type other than well-differentiated grade (82.2% vs. 41.0%, p < 0.001), stage III disease (80.0% vs. 17.9%, p < 0.001), and a higher preoperative serum CA 19-9 level (40.0% vs. 17.9%, p=0.027) ( Table 3) . In a multivariate analysis adjusted for these poor prognostic markers, CCRT was not associated with worse RFS (HR, 1.501; 95% CI, 0.685 to 3.286; p=0.310) as well as OS (HR, 1.062; 95% CI, 0.367 to 3.075; p=0.912) compared with chemotherapy (Table 4) .
Discussion
Our data suggests that there is no role for adjuvant therapy after R0 resection in GBC patients. Upon initiating this study, we assessed which patients were likely to be treated with adjuvant therapy after R0 resection for GBC in clinical practice. Patients with characteristics indicating high tumor burden, such as more advanced TNM stage, node-positive disease, and a higher preoperative serum CA 19-9 level, were more frequently treated with adjuvant therapy compared to those with a low tumor burden. However, adjuvant therapy failed to improve the prognosis of patients with a high tumor burden, resulting in shorter RFS and OS rates compared with the prognosis of patients managed with surveillance only. This paradoxical trend is similar to the results of a large, nonrandomized Japanese study in which, after surgical resection with or without a negative surgical margin, the prognosis of patients who received adjuvant chemotherapy was worse than that of patients who did not receive adjuvant chemotherapy [16] . To minimize the selection bias, PSM was performed in this study. However, even after the characteristics of patients were balanced via PSM, there was no difference in survival, regardless of the postoperative treatment strategy.
Previous studies on adjuvant therapy in GBC patients who have undergone R0 resection are summarized in Table 5 . In accordance with the results of our study, a few studies have suggested that adjuvant therapy is ineffective in GBC patients following R0 resection. A study of 279 GBC patients who had undergone surgery (R0 resection in 164 patients) found that neither adjuvant chemotherapy nor radiotherapy improved the OS of patients following R0 resection [3] . A subgroup analysis of 51 GBC patients who underwent curative resections in a phase III trial showed that they did not benefit from adjuvant chemotherapy [11] . Another recent study of 61 patients with stage III GBC also did not support the benefit of adjuvant therapy [12] . However, these previous studies included a small number of patients or enrolled patients who had undergone R1 resection or had stage IV disease, therefore, the results are difficult to interpret. The strengths of our study compared with previous studies are that the role of adjuvant therapy was assessed in selected patients (R0 resection, no stage IV disease) and the inevitable selection bias caused by the retrospective design was minimized by PSM. In addition, to the best of our knowledge, our study included the largest number of cases among case-control studies of adjuvant therapy in GBC patients following R0 resection. Two previous retrospective studies in GBC patients who had undergone R0 resection yielded opposite results from those obtained in our study. Gold et al. [4] reported that adjuvant chemoradiotherapy reduced the risk of death by 70% compared with surgery alone in stage I-II GBC patients who had undergone R0 resection. However, the study had a small sample size (n=73), and the prognosis of the surgeryonly group was relatively worse compared with those reported in other studies. For example, in a large Japanese study of 4,770 GBC patients, the 5-year survival rates among the patients in the surgery-only group with stage I and II disease were 78% and 65%, respectively [16] . Similarly, in our study, the 5-year survival rate was 79.5% among the patients in the surgery-only group, 85.3% of whom had stage I or II disease before PSM. In contrast, in the study by Gold et al. [4] , the 5-year survival rate in the surgery-only group was approximately 40%, even though 80% of the patients had stage I disease. This result indicates that the survival difference between patients who underwent surgery alone and those who received adjuvant therapy observed in the study by Gold et al. [4] may be attributed to the poorer prognosis of the surgery-only group compared with those in both the Japanese study as well as our own study. Furthermore, in a previous Western study of over 10,000 cases of GBC based on data from the National Cancer Database (NCDB), the 5-year survival rates were only 50% and 29% among patients with stage I and II disease, respectively, and these trends were identical in the subset of 7,462 patients who underwent potentially curative surgical resection [17] . These findings suggest the possibility of ethnic differences in GBC biology. Cho et al. [8] also reported that adjuvant chemoradiotherapy after surgical resection (R0 and R1 resection in 38 and 2 patients, respectively) is beneficial for node-positive T2/T3 GBC patients. However, the data are difficult to interpret because the sample size was too small and there were few end-point events. Based on both the lack of strong evidence supporting adjuvant therapy and on our findings, we recommend against the routine use of adjuvant therapy in stage I-III GBC patients who have undergone R0 resection, particularly in Asian patients. Our study has some limitations in terms of result generalization. First, the study is retrospective in nature. Therefore, the clinical data may not be as accurate as those collected prospectively, and there may be potential selection bias. We tried to control selection bias by using PSM, and patient characteristics were balanced between the groups after PSM. Second, because the data were collected from six institutions, there was heterogeneity in treatment strategies. In this study, however, there was no difference in survival between patients treated with chemotherapy and those treated with CCRT. In addition, all patients enrolled in the study were treated with a fluoropyrimidine-based regimen, mainly due to the national insurance coverage policy in Korea, although the specific dosage and the schedule of chemotherapy and radiotherapy varied. Nevertheless, studies utilizing a uniform treatment strategy are warranted in this setting. Third, the efficacy of adjuvant radiotherapy alone was not assessed in this study due to the small sample size. However, based on the two previous meta-analyses showing that patients receiving adjuvant chemotherapy or chemoradiotherapy derived greater benefit than those receiving radiotherapy alone [13, 14] , radiotherapy alone may not be recommended as the best option for adjuvant therapy in GBC patients. Fourth, patients with different tumor burden were included together in this study. Despite performance of subgroup analyses by tumor stage and nodal status (Fig. 3) , those might be biased because PSM was not done separately for the two variables. Therefore, the association between the tumor burden and the efficacy of adjuvant therapy after R0 resection may not be confirmed in this study. Given the results of previous reports [13, 14] and the subgroup analyses of our study (without statistical significance) (Fig. 3) favoring adjuvant therapy in patients with higher tumor stage and node-positive disease, further studies are warranted in these groups with R0 resection.
Conclusion
This study suggests that fluoropyrimidine-based adjuvant chemotherapy and CCRT are not indicated in stage I-III GBC patients who have undergone R0 resection. We suggest that this population be observed or enrolled in clinical trials. Gemcitabine plus cisplatin is the current standard regimen in patients with locally advanced or metastatic biliary tract cancer [18] . Gemcitabine-based adjuvant therapy after curative resection recently showed promising results in patients with biliary tract cancer [10, [19] [20] [21] [22] . Therefore, prospective, randomized studies of therapeutic strategies other than a fluoropyrimidine-based regimen are warranted to improve the prognosis of GBC patients following R0 resection.
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